Expression of the phosphorylcholine (PC) epitope was examined in 48 viridans streptococcal strains, including Streptococcus pneumoniae R36a as the positive control, and their immunogenicity to induce an S. pneumoniae-cross-reactive response was evaluated in mice. Thirteen strains were found to express the PC epitope, while no obvious association was found between the taxonomic categories and PC expression. Serum antibody responses to S. pneumoniae cells were induced in mice by intraperitoneal injection of the PC-positive, but not PC-negative, strains. The cross-reactive antibodies induced by non-pneumococcal oral streptococci were readily inhibited by free hapten PC. IgM was the sole isotype of the anti-pneumococcal and anti-PC antibodies, and the phenomenon of immunological memory was not observed. Since the anti-PC antibody is critically important for resistance against pneumococcal infection in mice, the present results indicate the possibility that PC-expressing oral commensal bacteria have a significant influence on the hostsÕ responsiveness to S. pneumoniae.
Introduction
Streptococcus pneumoniae is the most common cause of bacterial pneumonia, and is also the major cause of bacterial meningitis and otitis media [1] . A significant number of mortalities, especially in the age extremes, i.e., <1 and >60 yr, are due to this organism, even in this era of antibiotics in developed countries [2, 3] .
Phosphorylcholine (PC) is the immunodominant epitope found on the cell wall of S. pneumoniae [4, 5] . The humoral immune responsiveness to the PC epitope is known to be critical for resistance against lethal pneumococcal infections in mice [4] . The PC determinant is also found on a variety of microorganisms other than S. pneumoniae [6] . Information about PC epitope expression on oral bacteria has been accumulated in recent years [7] [8] [9] [10] [11] ; several gram-positive and gram-negative bacteria have been shown to possess this epitope. Gillespie et al. [8] have reported the PC epitope in members of the Streptococcus mitis group, in which S. pneumoniae and S. oralis are included, but not in representative strains of other oral streptococcus species. Gmü r et al. [9] , on the other hand, have found the epitope in some strains of the S. milleri group (presently called the S. anginosus group), in addition to the S. mitis group and many species of the genus Actinomyces, except A. naeslundii. Schenkein et al. [11] have reported that approximately one third of bacterial cells in human dental plaque are positively stained for PC in an immuno-fluorescence analysis.
The anti-PC antibody response is critically important for resistance against pneumococcal infection in mice [4] . It is therefore conceivable that PC-expressing oral bacteria elicit an immune response cross-reactive to the dominant epitope on S. pneumoniae, and consequently they have a significant influence on the susceptibility of normal human individuals to S. pneumoniae. This hypothesis is supported by the finding that anti-PC antibody levels are elevated in sera from patients with periodontal diseases [11] , and that anti-PC monoclonal antibodies (mAbs) were frequently generated as byproducts when mAbs to certain oral strains were produced [9] . However, the relationship between levels of PC epitope expression and their capacity to elicit immune responses towards S. pneumoniae has not been directly examined yet.
The aim of the present study was to determine that PC-expressing oral bacteria induce an immune response to S. pneumoniae, via the PC determinant. We found the PC epitope on several strains of oral streptococci, including the S. mitis and the S. milleri groups, in agreement with the observation of Gmü r et al. [9] . Immunization with the oral strains induced an antibody response cross-reactive to S. pneumoniae in mice, which was inhibitable with free PC molecules in the solutions.
Materials and methods

Bacterial strains and growth conditions
A total of 48 viridans streptococcal strains were used. These included 18 type or reference strains obtained from the international type culture collections, i.e., S. mitis ATCC 6249, S. oralis ATCC 35037, 10557, S. gordonii ATCC 10558, S. sanguinis ATCC 9811, S. parasanguinis ATCC 15909, 15911, S. anginosus ATCC 33397, S. constellatus ATCC 27823, NCTC 10708, S. intermedius ATCC 27335, S. salivarius ATCC 13419, S. mutans ATCC 33535, S. sobrinus ATCC 6715, S. cricetus ATCC 19642, S. rattus ATCC 19645, Granulicatella adiacens ATCC 49175, Abiotrophia defectiva ATCC 49176, and S. pneumoniae ATCC 27336 (R36a), and 30 isolates from human oral cavities. Some characteristics of the S. milleri group (anginosus group) strains [12] and the nutritionally variant streptococci (NVS) strains [13] have been described elsewhere. Cells of all the strains were cultured at 37°C overnight in Todd-Hewitt broth (BBL Microbiology Systems, Cockeysville, MD, USA), or the medium supplemented with 0.001% pyridoxal-HCl for the NVS strains, as described previously [13] . The cultures were centrifuged and the cells were washed twice in phosphate buffered saline (PBS; 10 mM PO 4 , 150 mM NaCl, pH 7.4), and resuspended in 0.05 M carbonate buffer (pH 9.6) at 1.0 of optical density at 600 nm (OD 600 ), corresponding to approximately 10 9 cells ml
À1
. In some experiments, bacterial cells were washed three times with distilled water and lyophilized.
Detection of the PC epitope on bacterial cells
Expression of the PC epitope on bacterial cells was determined using an enzyme-linked immunosorbent assay (ELISA) and a TEPC15 (T15), a representative mouse anti-PC mAb [5] . Serially diluted bacterial cell suspensions of known densities were added to the wells (40 ll/well) of polystyrene ELISA plates (96-well) (Greiner, Frickenhausen, Germany). The wells were dried out in a dry incubator at 37°C, then treated with absolute ethanol, and dried out again. A serial dilution of S. pneumoniae R36a was included in each plate to construct a reference-binding curve. The plates were washed three times with PBS containing 0.02% Tween 20 (PBST), and any uncoated surfaces were saturated with 2% non-fat dry milk. T15 (IgA, j, kindly donated by Dr. Nobuo Sakato) was added to each well at 5 lg ml À1 and incubated at 25°C for 1 h. After washing 3times with PBST, the wells were incubated with an alkaline phosphatase (AP)-conjugated goat anti-mouse IgA antibody (Southern Biotechnologies, Birmingham, AL, USA) for 1 h at 25°C. After washing 4· with PBST, the plates were finally incubated with the AP substrate p-nitrophenylphosphate, and the OD of each well was measured at 405 nm in a microtiterplate reader.
The binding curves of T15 to S. pneumoniae R36a and other bacterial strains were drawn by 4-parameter logistic equations, and 50% effective concentrations (EC 50 ) of the reactions were calculated. The level of PC expression of each strain was expressed as percentage relative to the EC 50 value of S. pneumoniae R36a.
The specificity of binding of T15 to bacterial cells was verified in a competitive ELISA using PC and its analogues, acetylcholine (ACh) and phosphorylethanolamine (PE). ELISA plate wells were coated with 10 7 bacterial cells per well and incubated with T15 (5 lg ml À1 ) in the presence of various concentrations of PC and its analogues. After a 1 h incubation, unbound mAb was washed out with PBST, and T15 that had bound with the bacterial cells was detected using the same method as described above.
Animals and immunization
Specific pathogen-free, female BALB/c mice (CLEA Japan Inc., Tokyo, Japan) of 6-to 8-weeks old were injected intraperitoneally (i.p.) with bacterial cells (100 lg dry weight/mouse) suspended in 0.5 ml sterile PBS. Blood samples were collected by retro-orbital venipuncture, before and after immunization, and the serum was separated from the clot by centrifugation (5000g, 10 min). The samples were stored at À80°C until being used for antibody analyses. The mice were housed in sterile disposable cages with bedding (CLEA Japan). Sterile water and pelleted diet were given ad libitum. All the animal experiments were approved by the Animal Care Committee of Kagoshima University.
Measurement of serum antibody levels
Serum antibody levels were assessed by ELISA as described previously [14] . PC conjugated with bovine serum albumin (PC-BSA) and trinitrophenol (TNP)-BSA were coated onto wells of ELISA plates by incubating 40 ll/well of the 5 lg ml À1 solutions in 0.05 M carbonate buffer (pH 9.6) for 16 h at 4°C. Cells of S. pneumoniae R36a and other strains were fixed on the ELISA plates (10 7 cells/well), as described above. After blocking with non-fat dry milk, serum samples, appropriately diluted in PBST (1/50 for anti-PC and 1/ 200 for anti-S. pneumoniae and anti-TNP), were added to the wells and incubated for 16 h at 4°C. After 3· washes with PBST, AP-conjugated goat antibodies specific for mouse immunoglobulin (Ig) isotypes, IgM, IgG and IgA (Southern Biotechnologies), were added to detect the serum antibodies. Following 1 h incubation at 25°C and subsequent 4· washes with PBST, the plates were incubated with the AP substrate p-nitrophenylphosphate, and the OD 405 of each well was measured in a microtiterplate reader. To calculate antibody concentrations in the serum samples, the isotype specific AP-conjugated antibodies were simultaneously reacted with known amounts of purified mouse mAb of relevant isotypes, which were coated in each assay plate. The reference binding curves (Ig concentrations versus OD 405 ) of the three Ig isotypes were obtained by curve fitting using the four-parameter logistic model. Antibody concentrations in serum samples were then calculated in ''lg equivalent per ml'' by the transformation of their OD 405 values against the reference curves, followed by multiplication of the dilution factors.
Specificities of serum anti-PC and anti-S. pneumoniae were determined in a competitive ELISA using the hapten PC as the inhibitor. Appropriately diluted serum samples were incubated in wells of ELISA plates with immobilized PC-BSA or S. pneumoniae cells, in the presence of various concentrations of PC. After a 1 h incubation, unbound antibodies were washed out with PBST and IgM antibodies bound with the antigens were detected with the AP-conjugated goat anti-mouse IgM, as described above.
Results
Presence of PC epitope on oral streptococci
The presence of PC on oral streptococci was examined with ELISA using T15, an authentic anti-PC mAb [5] . The existence of PC-expressing viridans streptococci was proven in the members of oral flora; 7 of the 16 S. mitis group strains, 3 of the 12 S. milleri (anginosus) group and 3 of the 12 NVS strains were judged to be positive for PC expression (Table 1) . Although the salivarius group was omitted from this table, one strain of this group of bacteria, S. salivarius ATCC 13419, was tested and found to be negative. Clinical isolates of S. pneumoniae and H. influenzae were also analyzed, and all ten isolates of the former species and 6/10 of the latter were found to be positive (data not shown), which is in agreement with previous reports [7] . Moreover, none of the S. mutans group strains examined was positive for PC. Fig. 1 shows the ELISA results for PC expression in the S. milleri group strains; the figure is shown as representative of the various viridans streptococcus strains examined. Two S. anginosus strains K51Y and K214-2K, and one S. constellatus strain NCTC 10708 were judged to be PC positive, one S. constellatus strain ATCC 27823 was questionable, and the remaining strains including all the 4 S. intermedius strains were negative.
Specificity of the recognition of oral streptococci by mAb T15
To confirm the specificity of T15 binding to oral streptococci, a competitive ELISA was performed using PC and its analogues as inhibitors (Fig. 2) . The mAb binding to S. anginosus K214-2K, as well as S. pneumoniae R36a, was completely inhibited in the presence of PC. At very high concentrations, ACh interfered with the binding; however, it required an approximately 300-fold greater concentration than PC to achieve a similar level of inhibition. PE showed no inhibitory effect at the range of concentrations examined. Similar results were obtained for other oral streptococcus strains (data not shown), thereby indicating that the binding of T15 to oral streptococci is specific for the PC determinants.
3.3. Isotype distribution and the time course of the S. pneumoniae-cross-reactive antibody response induced with a PC-positive oral isolate
To determine whether PC-expressing oral streptococci induce cross-reactive responses to S. pneumoniae, mice were injected intra-peritoneally with S. anginosus K214-2K cells, which expressed a relatively high level of PC (Fig. 1) . Then the time courses of serum antibody levels to PC, and to S. pneumoniae and S. anginosus cells, were monitored (Fig. 3) . When mice received a single injection, levels of IgM antibodies to the three antigens readily elevated within a week and then gradually decreased. The IgG antibody response was detected only towards S. anginosus cells, and the titer increased gradually up to 3 weeks. No IgG response was induced towards PC and S. pneumoniae cells. When mice were repeatedly immunized with the same S. anginosus cells at 2-week intervals (Fig. 3, right) , IgM levels to PC, S. pneumoniae, and S. anginosus cells as well, fluctuated in response to each injection. Levels of IgG antibody against the immunized strain cells elevated shortly after the second injection and thereafter increased gradually, being in agreement with the typical immunological memory response, but the IgG responses to PC and S. pneumoniae were negligible, even by the repeated immunization. IgA was always under the detection limit (data not shown). It was thus revealed that immunization with S. anginosus induces antibodies to PC and S. pneumoniae, with the response being limited in the IgM class, and never induces immunological memory; these are the typical characteristics of a T-independent immune response.
Capacity to induce S. pneumoniae-cross-reactive antibodies of various oral streptococci
The capacities to induce the S. pneumoniae-crossreactive immune response were compared among several oral bacteria with various T15-binding capacities, i.e., levels of PC expression. On the basis of results obtained with S. anginosus K214-2K (Fig. 3) , IgM antibody levels were measured in sera of mice 6 days after i.p. injection of bacterial cells. On the whole, strains previously judged to be ''PC-positive'' (Table 1) induced elevated levels of anti-S. pneumoniae and anti-PC antibodies higher than strains judged to be ''PC-negative'' (Fig.  4) . However, among the PC-positive strains, the levels of antibodies to S. pneumoniae and PC were not necessarily correlated with the T15-binding capacities; e.g., the PC-positive oral bacteria elevated antibody levels more than S. pneumoniae R36a, which possessed the highest T15-binding capacity among the strains. One a Strains with more than 1.0% of T15-binding capacity relative to the reference strain S. pneumoniae R36a in ELISA were judged to be ''positive'', less than 0.1% to be ''negative'', and 0.1-1.0% to be ''+/À'', respectively. b The classification is in accordance with Whiley et al. [18] , and ''S. sanguinis group'' is thus included in the mitis group.
PC-negative strain, S. oralis ATCC35037, elevated a little anti-S. pneumoniae and anti-PC levels.
There is a possibility that polyclonal B cell activating substances associated with the oral bacteria might elevate the levels of IgM antibodies to S. pneumoniae and PC in an antigen non-specific manner. To verify this hypothesis, antibody levels to TNP, that is a totally irrelevant antigenic epitope, was simultaneously measured. Mice given S. oralis ATCC35037 showed a definite increase in the anti-TNP antibody level, and a minute increase in the anti-PC and anti-S. pneumoniae levels, the same as when treated with a lipopolysaccharide of Escherichia coli, which is a representative polyclonal B cell activator. Therefore, the minute increase in anti-PC and anti-S. pneumoniae levels induced by S. oralis ATCC35037 could be attributed to polyclonal B cell activation. 
Epitope specificity of S. pneumoniae-cross-reactive antibodies induced with PC-positive oral streptococci
We further attempted to confirm the antigen specificity of anti-S. pneumoniae and anti-PC antibodies found in the sera of mice on day 6 of post immunization. Diluted serum specimens were allowed to react with antigens (S. pneumoniae cells, PC-BSA, or TNP-BSA), fixed on the wells of ELISA plates, in the presence of increased concentrations of PC (Fig. 5) . The anti-S. pneumoniae and anti-PC antibodies, strongly induced by administrations of PC-positive strains, were mostly inhibited by the presence of PC in a dose dependent manner. In contrast, weak IgM antibodies to S. pneumoniae and PC in the sera of mice given PC-negative bacteria, and those unimmunized, were barely inhibited by high concentrations of PC. Epitope specificity of the assay system was verified by the binding of serum IgM to TNP, which was never affected by PC (Fig. 5, right) , and PE instead of PC had no effect on IgM antibody binding to PC and S. pneumoniae (data not shown). It is thus suggested that the anti-S. pneumoniae IgM antibody, induced by PC-positive oral bacteria, is specific for PC, whereas in untreated animals and those treated with PC-negative bacteria, only a part of their anti-S. pneumoniae activity is directed to PC.
Discussion
The results demonstrated that some oral streptococci that expressed the PC epitope induced a S. pneumoniaecross-reactive antibody response. The susceptibility or resistance of hosts against pneumococcal infections may as consequence be regulated by the oral flora. Reports on PC-expressing bacteria in the oral flora have recently accumulated [7, 9, 11] . It is thus conceivable that different species of microorganisms, which share the antigenic determinant, elicit a cross-reactive immune response to each other. In addition, the experience of Gmü r et al. [9] that they often generated anti-PC mAbs by immunizing mice with oral bacteria, also suggests that PC-positive oral bacteria are indeed immunogenic for the anti-PC response. However, no study as yet has directly investigated the relationship between the levels of PC expression of each bacterial strain and the immunogenic capacity for PC and S. pneumoniae cells.
The data indicate that the capacity to elevate the levels of S. pneumoniae-cross-reactive antibodies in mice was likely restricted to ''PC-positive'' strains (Fig. 4) , even if they are the same or closely related species of microorganisms. Besides, most of the S. pneumoniaecross-reactive antibody reaction induced by the oral streptococci was due to antibodies being directed to the PC epitope (Fig. 5) . Although S. pneumoniae and oral viridans streptococci are taxonomically related to each other, and therefore likely to share several antigenic determinants, the above results indicate that cross-reactive immune responses are scarcely arisen by determinants other than PC. The isotype of the crossreactive antibody was highly restricted to the IgM class, and the phenomenon of immunological memory was never observed (Fig. 3) . For S. pneumoniae, the PC epitope is known to associate with C-polysaccharide of the cell wall [15] . In accordance with this, the PC of oral streptococci behaved as a typical T-independent polysaccharide antigen.
The relationship between taxonomy and the expression of the PC epitope is controversial. Gillespie et al. [8] found the PC epitope on S. oralis and S. mitis strains but not strains of other streptococcal species, while Schenkein et al. [11] and Gmü r et al. [9] found the epitope on some S. anginosus strains. Schenkein et al. also found it on one S. sanguinis strain while Gmü r et al. did not. In our study, 3 of 12 strains in the S. milleri (S. anginosus) group (2/4 S. anginosus, 1/4 S. constellatus, and 0/4 S. intermedius) were found to express PC, which is in accordance with the latter two research groups, while two strains of S. mitis tested in our study were judged to be negative, plus a strain of S. sanguinis. The latter two research groups have also found the epitope in a substantial number of strains of the genus Actinomyces, but we did not examine this group of bacteria. However, it does not mean that our data is inconsistent with the previous reports for several reasons. Firstly, the purpose of our present study was not to catalogue strains with PC expression, but rather to test the immunogenicity of PC-expressing, non-pneumococcal oral strains in vivo. Therefore, the groups and species of bacteria used in this study were selected from the collection of our laboratory, thus were not evenly distributed but biased towards our previous research interests. We also report herein, for the first time, that the PC epitope was found on some strains of nutritionally variant streptococci, which have been recently categorized into the genera Abiotrophia and Granulicatella. Another plausible explanation for the apparent strain specific, but not species specific nature of the PC expression of oral bacteria is that the expression level may be phase variable, as has been shown in some gram-negative species [16, 17] .
The immunogenicity of some oral bacteria to induce S. pneumoniae-cross-reactive antibody production was thus verified in mice. However, it remains to be determined when and where the human immune system encounters the non-pneumococcal PC determinant of such oral bacteria. Schenkein et al. [11] has shown that serum levels of anti-PC IgG2 antibodies are significantly higher in patients with periodontal diseases than in individuals without experiences of periodontal attachment loss. Based on this finding and the presence of a substantial number of PC-expressing oral bacteria in the dental plaque, the authors interpret that gingival inflammation provides sufficient conditions for exposure of the systemic immune system; that, in turn, results in the induction of IgG2 anti-PC antibodies in the patientsÕ sera.
Moreover, we should also take another possibility into consideration that the oral bacteria interact with the mucosal immune system of hosts who are with and without periodontal diseases. A huge number of bacteria are harbored in the oral cavities; about 10 7 -10 9 bacterial cells are usually counted in 1 ml of human saliva. Most of the bacteria are thought to be swallowed with the saliva, secreted at a rate of about 1000-2000 ml a day. Thus, these oral bacteria have plenty of opportunity to encounter the gut-associated immune system, as well as the immune systems distributed in the oral and nasopharyngeal mucosal surfaces. This situation makes us take ''immunological tolerance'' into consideration as a possible prerequisite to the interaction between PC-bearing bacteria and the systemic immune system operating at inflammatory lesions. To investigate the immunological conditions caused by oral bacteria in mice, administered using different routes and courses, will therefore provide useful information for understanding the susceptibility of human individuals to pneumococcal infections. This issue is currently under investigation in our laboratory.
